We systematically investigated the effects of Al-impurity type on the formation energy, crystal structure, charge density, electronic structure, and optical properties of ZnO by using density functional theory and the Hubbard-U method. Al-related defects, such as those caused by the substitution of Zn and O atoms by Al atoms (Al s(Zn) and Al s(O) , respectively) and the presence of an interstitial Al atom at the center of a tetrahedron (Al i(tet) ) or an octahedron (Al i(oct) ), and various Al concentrations were evaluated. The calculated formation energy follows the order E f (Al s(Zn) ) < E f (Al i(tet) ) < E f (Al i(oct) ) < E f (Al s(O) ). Electronic structure analysis showed that the Al s(Zn) , Al s(O) , Al i(tet) , and Al i(oct) models follow n-type conduction, and the optical band gaps are higher than that of pure ZnO. The calculated carrier concentrations of the Al s(O) and Al i(tet) /Al i(oct) models are higher than that of the Al s(Zn) model. However, according to the curvature of the band structure, the occurrence of interstitial Al atoms or the substitution of O atoms by Al atoms results in a high effective mass, possibly reducing the carrier mobility. The average transmittance levels in the visible light and ultraviolet (UV) regions of the Al s(Zn) model are higher than those of pure ZnO. However, the presence of an interstitial Al atom within the ZnO crystal reduces transmittance in the visible light region; Al s(O) substantially reduces the transmittance in the visible light and UV regions. In addition, the properties of ZnO doped with various Al s(Zn) concentrations were analyzed.
Introduction
Transparent conductive oxides (TCOs) are crucial in the photoelectric industry. They can be used in photoelectric applications, such as tablet PCs [1] , light-emitting diodes [2] , and solar cells [3] . High transmittance (>80%) and low resistivity (<10´3 Ω¨cm) are necessary conditions for TCOs to operate efficiently [4] . ZnO with a wide band gap exhibits high transmittance in the visible light region and is a potential alternative material for indium tin oxide [5] . Although intrinsic defects, such as oxygen vacancies and interstitial Zn atoms, cause ZnO to exhibit n-type conduction, they are unstable or cannot supply conductive electrons at room temperature. Doping ZnO thin film with impurities is an effective method for improving the electric characteristics of ZnO [6] [7] [8] .
Among various types of doped ZnO, Al-doped ZnO (AZO) is inexpensive, possesses excellent electric and optical properties, and has been extensively researched. In addition, the synthesis of AZO by low-cost, low-temperature techniques such as chemical bath deposition [9, 10] has been achieved recently [9, 10] . Agura et al. [11] fabricated a series of AZO thin films by using pulsed laser deposition
Calculation Methods
To systematically analyze the properties of various AZO structures, a 3ˆ3ˆ2 supercell containing 36 Zn atoms and 36 O atoms was used ( Figure 1 ). Four structures, one in which Zn atoms are substituted by Al atoms (Al s(Zn) ), one in which O atoms are substituted by Al atoms (Al s(O) ), one in which an interstitial Al atom is present in a tetrahedron (Al i(tet) ), and one in which an interstitial Al atom is present in an octahedron (Al i(oct) ), were examined and labeled 1, 2, 3, and 4, respectively. For calculating the Al concentration, models with one (Al s(Zn) ), two (2Al s(Zn) ), and three (3Al s(Zn) ) Al atoms at the substitutional Zn sites, corresponding to Al concentrations of 2.78, 5.56, and 8.33 at %, respectively, were analyzed.
All calculations were performed using the CASTEP code [23] based on DFT. Ion cores were modeled using ultrasoft pseudopotentials [24] . The valence configurations of the Zn, O, and Al atoms were 4s 2 3d 10 , 2s 2 2p 4 , and 3s 2 3p 1 , respectively. The cutoff energy of the plane wave was 380 eV. The Monkhorst-Pack k-point was 4ˆ4ˆ2 [25] . Structure optimization was conducted before property calculation. For structure optimization, the exchange and correlation interactions were calculated using the generalized gradient approximation function. In structure optimization calculations, the energy change, maximum force, maximum stress, and maximum displacement were fixed at 10´5 eV/atom, 0.03 eV/Å, 0.05 GPa, and 0.001 Å, respectively. For calculating the properties, we used the DFT+U d +U p method, in which the U d value for Zn-3d and the U p value for O-2p orbitals were set at 10 and 7 eV, respectively [26] . Differences in the band structures, band gaps, and Zn-3d orbital locations of pure ZnO for various U d and U p values can be referred to in our previous study [27] . 
Results and Discussion

Formation Energy
To determine the relative stability for various AZO models, the formation energy was calculated as follows.
where Ef(Als,i) and Edefect(Als,i) represent the formation energy and total energy for substitutional and interstitial Al defects, respectively; Eperfect(ZnO) is the total energy of a perfect ZnO supercell; L, M, and N are the numbers of substitutional or interstitial Al atoms; and μ is the chemical potential of various atoms. The formation energy is related to the growth atmosphere, which can be divided into O-rich and Zn-rich conditions. For ZnO, μZn and μO satisfy the relation μZn + μO = μZnO. Under O-rich conditions, μO is half of the total energy of an O2 molecule. Under Zn-rich conditions, μZn and μAl are the energies of one Zn atom in bulk Zn and one Al atom in bulk Al, respectively. Table 1 summarizes the calculated formation energy of various types of AZO. The results show that regardless of whether conditions are O-rich or Zn-rich, the formation energy follows the order Ef(Als(Zn)) < Ef(Ali(tet)) < Ef(Ali(oct)) < Ef(Als(O)). This means that Al atoms most likely replace Zn atoms, followed by interstitial sites, and they least likely replace O atoms. The occupancy of interstitial sites by Al atoms was observed in a previous study [17] . In addition, Ef(Als(Zn)) is lower under O-rich conditions than under Zn-rich conditions, showing that an O-rich atmosphere is easier to form in the Als(Zn) structure. The calculated formation energy reported by Li et al. [21] follows the same trend.
To evaluate the effect of the Al concentration, we performed structure optimization by varying the distance between two Al dopant atoms. We fixed one Al atom on the number 1 site and another Al atom on the number 5 (near), 6 (medium), and 7 (far) sites (Figure 1) . The results show that the total energy of the structure with the short distance is the highest. The energies of supercells obtained using the medium and long distances are lower (0.25 and 0.3 eV, respectively) than that obtained using the short distance, suggesting that Al atoms tend to disperse in ZnO. Therefore, we retained the long distance between the two impure Al atoms. 
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Formation Energy
where E f (Al s,i ) and E defect (Al s,i ) represent the formation energy and total energy for substitutional and interstitial Al defects, respectively; E perfect (ZnO) is the total energy of a perfect ZnO supercell; L, M, and N are the numbers of substitutional or interstitial Al atoms; and µ is the chemical potential of various atoms. The formation energy is related to the growth atmosphere, which can be divided into O-rich and Zn-rich conditions. For ZnO, The results show that regardless of whether conditions are O-rich or Zn-rich, the formation energy follows the order E f (Al s(Zn) ) < E f (Al i(tet) ) < E f (Al i(oct) ) < E f (Al s(O) ). This means that Al atoms most likely replace Zn atoms, followed by interstitial sites, and they least likely replace O atoms. The occupancy of interstitial sites by Al atoms was observed in a previous study [17] . In addition, E f (Al s(Zn) ) is lower under O-rich conditions than under Zn-rich conditions, showing that an O-rich atmosphere is easier to form in the Al s(Zn) structure. The calculated formation energy reported by Li et al. [21] follows the same trend.
To evaluate the effect of the Al concentration, we performed structure optimization by varying the distance between two Al dopant atoms. We fixed one Al atom on the number 1 site and another Al atom on the number 5 (near), 6 (medium), and 7 (far) sites (Figure 1) . The results show that the total energy of the structure with the short distance is the highest. The energies of supercells obtained using the medium and long distances are lower (0.25 and 0.3 eV, respectively) than that obtained using the short distance, suggesting that Al atoms tend to disperse in ZnO. Therefore, we retained the long distance between the two impure Al atoms. Table 2 summarizes the lattice parameters, unit cell volume, and average bond lengths after structure optimization. For the Al s(Zn) structure, the length of the Al-O bond (1.797 Å) is shorter than that of the Zn-O bond (1.997 Å) in pure ZnO, resulting in shrinkage in cell volume. The shrinkage of the Al-O bond may be caused by the difference in the radii of the ions (0.51 Å for Al 3+ and 0.74 Å for Zn 2+ ). In addition, comparing the pure ZnO, the Al s(Zn) , 2Al s(Zn) , and 3Al s(Zn) models revealed that the cell volume decreases with an increase in the Al s(Zn) concentration, which is consistent with previously reported results [16] . Table 2 summarizes the lattice parameters, unit cell volume, and average bond lengths after structure optimization. For the Als(Zn) structure, the length of the Al-O bond (1.797 Å) is shorter than that of the Zn-O bond (1.997 Å) in pure ZnO, resulting in shrinkage in cell volume. The shrinkage of the Al-O bond may be caused by the difference in the radii of the ions (0.51 Å for Al 3+ and 0.74 Å for Zn 2+ ). In addition, comparing the pure ZnO, the Als(Zn), 2Als(Zn), and 3Als(Zn) models revealed that the cell volume decreases with an increase in the Als(Zn) concentration, which is consistent with previously reported results [16] . Conversely, when one O atom is substituted with one Al atom (Als(O) structure), the repulsive force between the Al and Zn ions leads to an increase in the lengths of the Zn-O and Al-Zn bonds and an expansion in volume. The presence of interstitial Al atoms leads to an increase in the c-axis lattice constant and the expansion of the cell volume. The Zn-O bonds around the interstitial Al atoms in the tetrahedron and octahedron locations after geometry optimization are shown in Figure 2 . Periasamy et al. [17] indicated that the c-axis lattice constant increases from 5.205 to 5.242 Å with an increase in the Al concentration from 0% to 6%. This was attributed to the incorporation of Al 3+ ions in interstitial positions. Conversely, when one O atom is substituted with one Al atom (Al s(O) structure), the repulsive force between the Al and Zn ions leads to an increase in the lengths of the Zn-O and Al-Zn bonds and an expansion in volume. The presence of interstitial Al atoms leads to an increase in the c-axis lattice constant and the expansion of the cell volume. The Zn-O bonds around the interstitial Al atoms in the tetrahedron and octahedron locations after geometry optimization are shown in Figure 2 . Periasamy et al. [17] indicated that the c-axis lattice constant increases from 5.205 to 5.242 Å with an increase in the Al concentration from 0% to 6%. This was attributed to the incorporation of Al 3+ ions in interstitial positions.
Crystal Structure
Charge Density
Mulliken atomic population and bond population analysis was used to describe the charge transfer and the bond type after bonding, respectively. Table 3 summarizes the Mulliken population of each structure. Positive and negative values of the atomic population represent the atom losing and gaining electrons, respectively. A high bond population is characteristic of a covalent bond; conversely, a low bond population is characteristic of an ionic bond. In addition, contour plots of the difference in the charge density associated with AZO structures are shown in Figure 3 , in which a higher value (red) represents gaining electrons.
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Mulliken atomic population and bond population analysis was used to describe the charge transfer and the bond type after bonding, respectively. Table 3 summarizes the Mulliken population of each structure. Positive and negative values of the atomic population represent the atom losing and gaining electrons, respectively. A high bond population is characteristic of a covalent bond; conversely, a low bond population is characteristic of an ionic bond. In addition, contour plots of the difference in the charge density associated with AZO structures are shown in Figure 3 , in which a higher value (red) represents gaining electrons. For the Als(Zn) structure, Table 3 shows that the atomic population of Al (1.62) is higher than that of Zn (0.94) because of differences in valence electrons between Al and Zn atoms. The populations of O atoms in the Als(Zn) and pure ZnO structures are −1.02 and −0.94, respectively, indicating that numerous electrons are transferred from Al atoms to O atoms. In addition, the population of the Al-O bond (0.5) is higher than that of the Zn-O bond (0.39). This implies that the covalent characteristic of the Al-O bond is high, which is consistent with the qualitative analysis results (Figure 3b) . The high covalent characteristic of Al-O is stable, which may be the reason that the formation energy of the Table 3 shows that the atomic population of Al (1.62) is higher than that of Zn (0.94) because of differences in valence electrons between Al and Zn atoms. The populations of O atoms in the Al s(Zn) and pure ZnO structures are´1.02 and´0.94, respectively, indicating that numerous electrons are transferred from Al atoms to O atoms. In addition, the population of the Al-O bond (0.5) is higher than that of the Zn-O bond (0.39). This implies that the covalent characteristic of the Al-O bond is high, which is consistent with the qualitative analysis results (Figure 3b) . The high covalent characteristic of Al-O is stable, which may be the reason that the formation energy of the Al s(Zn) model is negative. The populations of O and Al atoms do not change with an increase in the Al concentration (Al s(Zn) , 2Al s(Zn) , and 3Al s(Zn) ), except for a slight reduction in the population of Zn atoms.
In the Al s(O) structure, Al atoms gain an electron from the adjacent Zn atoms (Al atomic population is negative). In addition, Al and Zn form a covalent bond (0.94). The share charge is shown in Figure 3c . For the Al i(tet) and Al i(oct) models, the atomic population of Al and the bond population of the Al-O bond are lower than those of the Al s(Zn) model. The share charge is also observed in Figure 3d ,e. Figure 4 shows the band structures of pure ZnO and AZO. The energy zero (eV) indicated by a dotted line is the Fermi level. Figure 4a indicates that pure ZnO is a direct-gap semiconductor material with a band gap of 3.3 eV, which is consistent with the experimental value. Als(Zn) model is negative. The populations of O and Al atoms do not change with an increase in the Al concentration (Als(Zn), 2Als(Zn), and 3Als(Zn)), except for a slight reduction in the population of Zn atoms. In the Als(O) structure, Al atoms gain an electron from the adjacent Zn atoms (Al atomic population is negative). In addition, Al and Zn form a covalent bond (0.94). The share charge is shown in Figure 3c . For the Ali(tet) and Ali(oct) models, the atomic population of Al and the bond population of the Al-O bond are lower than those of the Als(Zn) model. The share charge is also observed in Figure  3d ,e. Figure 4 shows the band structures of pure ZnO and AZO. The energy zero (eV) indicated by a dotted line is the Fermi level. Figure 4a indicates that pure ZnO is a direct-gap semiconductor material with a band gap of 3.3 eV, which is consistent with the experimental value.
Electric Properties
After the substitution of a Zn atom by an Al atom, shallow donor states form at the bottom of the conduction band because the valence of Al exceeds that of Zn. Therefore, the band structure of the Als(Zn) model exhibits an n-type characteristic with an optical band gap of 4.17 eV (Figure 4b ). In addition, the optical band gap increases with an increase in the Als(Zn) concentration (Figure 4f,g ). The same trend was observed in a previous experimental study [12] and hybrid functional calculations [28] . The Als(O), Ali(tet), and Ali(oct) models (Figure 4c,d) show n-type conductive characteristics, and the optical band gaps of all of these models are higher than that of pure ZnO. Except for the donor states, deep donor states form in the band gap in the three models.
In the band structure, the curvature closer to the bottom of the conduction band affects the size of the electron effective mass. A flatter band with a smaller curvature results in a higher effective mass of electrons in the conduction band. A high effective mass of electrons is related to low carrier mobility and reduced electrical conductivity. Comparing the occupied energy level at the Γ point near the Fermi energy revealed that the energy level curvatures of the pure ZnO and Als(Zn) models (including 2Als(Zn) and 3Als(Zn) models) are higher than those of the Als(O), Ali(tet), and Ali(oct) models. This implies that the occurrence of interstitial Al atoms or the substitution of O atoms by Al atoms results in a high effective mass, and this decreases the carrier mobility and electric conductivity. Figure 5 shows the portion of total density of states (TDOS) below the Fermi energy (EF, 0 eV) for various AZO models. In general, the occupied states close to the Fermi energy contribute numerous free electrons to the conduction band, and the occupied states far from the Fermi energy do not easily supply free electrons to the conduction band. We divided the TDOS of each model into two parts, close to EF and far from EF (indicated by a red arrow shown in Figure 5 ), and integrated each part to evaluate the carrier concentration. Table 4 shows the calculated carrier concentration. The total carrier concentration for the Als(Zn) model is 12.5 × 10 20 #/cm 3 , and the carrier concentrations close to EF and far from EF are 9.7 × 10 20 and 2.8 × 10 20 #/cm 3 , respectively. As expected, the total carrier concentration increases from 12.5 × 10 20 to 33.5 × 10 20 of 3Als(Zn) #/cm 3 with an increase in the Als(Zn) concentration. However, the concentration close to EF decreases from Als(Zn) (9.7 × 10 20 #/cm 3 ) to 2Als(Zn) (7.9 × 10 20 #/cm 3 ) and increases from 2Als(Zn) to 3Als(Zn) (15.9 × 10 20 #/cm 3 ). This is because more occupied states contribute to the carrier concentration far from EF. Therefore, we suggest that the concentration of free electrons in experimental measurements does not absolutely increase with an increase in the Al concentration. In addition, the order of the calculated carrier concentrations is consistent with that of previously reported experimental results [11, 12] . After the substitution of a Zn atom by an Al atom, shallow donor states form at the bottom of the conduction band because the valence of Al exceeds that of Zn. Therefore, the band structure of the Al s(Zn) model exhibits an n-type characteristic with an optical band gap of 4.17 eV (Figure 4b ). In addition, the optical band gap increases with an increase in the Al s(Zn) concentration (Figure 4f,g ). The same trend was observed in a previous experimental study [12] and hybrid functional calculations [28] .
The Al s(O) , Al i(tet) , and Al i(oct) models (Figure 4c,d) show n-type conductive characteristics, and the optical band gaps of all of these models are higher than that of pure ZnO. Except for the donor states, deep donor states form in the band gap in the three models.
In the band structure, the curvature closer to the bottom of the conduction band affects the size of the electron effective mass. A flatter band with a smaller curvature results in a higher effective mass of electrons in the conduction band. A high effective mass of electrons is related to low carrier mobility and reduced electrical conductivity. Comparing the occupied energy level at the Γ point near the Fermi energy revealed that the energy level curvatures of the pure ZnO and Al s(Zn) models (including 2Al s(Zn) and 3Al s(Zn) models) are higher than those of the Al s(O) , Al i(tet) , and Al i(oct) models. This implies that the occurrence of interstitial Al atoms or the substitution of O atoms by Al atoms results in a high effective mass, and this decreases the carrier mobility and electric conductivity. Figure 5 shows the portion of total density of states (TDOS) below the Fermi energy (E F , 0 eV) for various AZO models. In general, the occupied states close to the Fermi energy contribute numerous free electrons to the conduction band, and the occupied states far from the Fermi energy do not easily supply free electrons to the conduction band. We divided the TDOS of each model into two parts, close to E F and far from E F (indicated by a red arrow shown in Figure 5 ), and integrated each part to evaluate the carrier concentration. Table 4 shows the calculated carrier concentration. The total carrier concentration for the Al s(Zn) model is 12.5ˆ10 20 #/cm 3 , and the carrier concentrations close to E F and far from E F are 9.7ˆ10 20 and 2.8ˆ10 20 #/cm 3 , respectively. As expected, the total carrier concentration increases from 12.5ˆ10 20 to 33.5ˆ10 20 of 3Al s(Zn) #/cm 3 with an increase in the Al s(Zn) concentration. However, the concentration close to E F decreases from Al s(Zn) (9.7ˆ10 20 #/cm 3 ) to 2Al s(Zn) (7.9ˆ10 20 #/cm 3 ) and increases from 2Al s(Zn) to 3Al s(Zn) (15.9ˆ10 20 #/cm 3 ). This is because more occupied states contribute to the carrier concentration far from E F . Therefore, we suggest that the concentration of free electrons in experimental measurements does not absolutely increase with an increase in the Al concentration. In addition, the order of the calculated carrier concentrations is consistent with that of previously reported experimental results [11, 12] .
concentration. However, the concentration close to EF decreases from Als(Zn) (9.7 × 10 20 #/cm 3 ) to 2Als(Zn) (7.9 × 10 20 #/cm 3 ) and increases from 2Als(Zn) to 3Als(Zn) (15.9 × 10 20 #/cm 3 ). This is because more occupied states contribute to the carrier concentration far from EF. Therefore, we suggest that the concentration of free electrons in experimental measurements does not absolutely increase with an increase in the Al concentration. In addition, the order of the calculated carrier concentrations is consistent with that of previously reported experimental results [11, 12] . Both carrier concentrations close to E F and far from E F for the Al s(O) , Al i(tet) , and Al i(oct) models are higher than those for the Al s(Zn) model. This implies that substitution of an O atom by an Al atom or the presence of an interstitial Al atom increases the concentration of free electrons.
Optical Properties
To investigate the photoabsorption properties of the AZO system, calculating the imaginary part of the dielectric function ε 2 (ω) is essential [29] :
where e is the electric charge, Ω is the unit cell volume, u is the polarization vector of the incident electric field, ω is the frequency of light, and ϕ v k and ϕ c k are the wave functions of the conduction and valence bands, respectively. Absorption and reflection coefficients can be obtained using the real and imaginary parts of the dielectric function. The relationship between thin-film thickness and transmittance can be written as follows:
where T is the transmittance; R and α are the reflection and absorption coefficients, respectively; and d is the thin-film thickness, which is assumed to be 250 nm. Figure 6 shows the calculated imaginary part ε 2 (ω) of the dielectric function, and Table 5 lists the calculated average transmittance in the visible light region (400-800 nm) and ultraviolet (UV) region (200-400 nm). For the Al s(Zn) model, the peak at 1.3 eV (left inset in Figure 6 ) is due to the shallow donor state, resulting in slight absorption in the long wavelength region (infrared and visible light). With an increase in the Al s(Zn) concentration, the peak slightly enlarges. As mentioned in Section 3.4, the optical band gap increases with an increase in the Al s(Zn) concentration. The increased optical band gap of the Al s(Zn) model shifts the intrinsic absorption edge (blue shift; right inset in Figure 6 ) and significantly increases the transmittance (Table 5 ). According to the experimental results of Maeng et al. [13] , the transmittance of AZO increases with an increase in the Al concentration. In addition, Fan et al. [28] also showed that the absorption decreases in the UV region and increases in the near-IR region with an increase in the Al doping concentration, which is similar to the trend in this study. The peaks near 1 eV for the Ali(tet) and Ali(oct) models are stronger and broader than that of the Als(Zn) model and are mainly contributed by the shallow and deep donor states described in Section 3.4. These two peaks of the Ali(tet) and Ali(oct) models result in a significant reduction in the transmittance in the visible light region to 73.5% and 68.5%, respectively. However, the increased optical band gaps of the Ali(tet) and Ali(oct) models result in a blue shift of the intrinsic absorption edge and an increase in the transmittance in the UV region. Among all models, the red peak for the Als(O) model ( Figure 6 ) is the strongest and widest because more impurity states (shallow and deep donor states) are distributed in the band gap. Therefore, regardless of the visible light or UV light region, the Als(O) model exhibits low transmittance ( Table 5 ). The presence of an interstitial Al atom or the substitution of an O atom by an Al atom is expected to significantly reduce the transmittance.
Conclusions
This study systematically investigated the formation energy, crystal structure, charge density, electronic structure, and optical properties of ZnO with various types of Al-related defects by using the DFT+U method. The calculated formation energy indicated that in AZO preparations, the most probable structures are those in which Zn atoms are substituted by Al atoms and those involving interstitial Al atoms. For the Als(Zn) model, the covalence of the Al-O bond is greater than that of the Zn-O bond. The cell volume slightly decreases and the optical band gaps increase with an increase in the Als(Zn) concentration, resulting in high transmittance in the UV region. For evaluating the carrier The peaks near 1 eV for the Al i(tet) and Al i(oct) models are stronger and broader than that of the Al s(Zn) model and are mainly contributed by the shallow and deep donor states described in Section 3.4. These two peaks of the Al i(tet) and Al i(oct) models result in a significant reduction in the transmittance in the visible light region to 73.5% and 68.5%, respectively. However, the increased optical band gaps of the Al i(tet) and Al i(oct) models result in a blue shift of the intrinsic absorption edge and an increase in the transmittance in the UV region. Among all models, the red peak for the Al s(O) model (Figure 6 ) is the strongest and widest because more impurity states (shallow and deep donor states) are distributed in the band gap. Therefore, regardless of the visible light or UV light region, the Al s(O) model exhibits low transmittance (Table 5 ). The presence of an interstitial Al atom or the substitution of an O atom by an Al atom is expected to significantly reduce the transmittance.
This study systematically investigated the formation energy, crystal structure, charge density, electronic structure, and optical properties of ZnO with various types of Al-related defects by using the DFT+U method. The calculated formation energy indicated that in AZO preparations, the most probable structures are those in which Zn atoms are substituted by Al atoms and those involving interstitial Al atoms. For the Al s(Zn) model, the covalence of the Al-O bond is greater than that of the Zn-O bond. The cell volume slightly decreases and the optical band gaps increase with an increase in the Al s(Zn) concentration, resulting in high transmittance in the UV region. For evaluating the carrier concentration, the DOS area was integrated, and the Al s(O) , Al i(tet) , and Al i(oct) models exhibit a higher carrier concentration than that of the Al s(Zn) model. However, the Al s(O) , Al i(tet) , and Al i(oct) models have a high effective mass compared with the Al s(Zn) model. In addition, the presence of the Al i(tet) model, the Al i(oct) model, and particularly the Al s(O) model within a ZnO crystal structure significantly reduces the transmittance in the visible light region. Therefore, the relation between structure and property for AZO can be a reference for adjusting the process parameters to fabricate TCO films.
